ABSTRACT The lesser mealworm beetle, Alphitobius diaperinus (Panzer) (Coleoptera: Tenebrionidae), is an important insect pest. The insect acts as a disease vector and reservoir, negatively affecting the health of birds and humans, and harming poultry husbandry. Controlling the lesser mealworm is generally based on using synthetic chemical insecticides, which are sometimes ineffective, and is limited due to market concerns regarding the toxicity of chemical residues in food products. In this context, the present study aimed to evaluate the potential for the combination of physical and chemical methods to control A. diaperinus. Bioassays were conducted using poultry bedding and known populations of beetle adults and larvae. The treatments consisted of the isolated application of 400 g/m 2 hydrated lime; 20% added moisture (distilled water); temperature increase to 45
INTRODUCTION
Alphitobius diaperinus (Panzer) (Coleoptera: Tenebrionidae) is an important pest of poultry and the most common species found in poultry beds (Chernaki-Leffer et al., 2011) . Also known as the lesser mealworm beetle, this pest causes husbandry and sanitary losses in the poultry industry worldwide (Gazoni et al., 2012) .
Larvae and adults of A. diaperinus present an aggregated distribution in poultry sheds, gathering at focal points such as under feeders, on ceilings, and in nests. This distribution and differences in the abundance of different developmental stages suggest that lesser mealworms move to appropriate places based on local temperature, humidity, the presence of shelter and food, and periods of substrate removal and insecticide application (Salin et al., 2000 thus rather difficult, and integrated methods must be developed for the control of this insect pest.
Pyrethroids and organophosphates are the main groups of synthetic chemical insecticides used to control A. diaperinus (Gazoni et al., 2012) . A growing number of publications have described the resistance of pest populations to these compounds in several countries (Hamm et al., 2006; Kaufman et al., 2008; Lambkin, 2005; Lambkin et al., 2010; Tomberlin et al., 2008) . More recently, reports have been published regarding the use of cypermethrin, dichlorvos, and triflumuron in Brazil (Chernaki-Leffer et al., 2011) .
Other studies have examined alternative control methodologies, including the addition of chemical conditioners, such as hydrated lime to the beds (Watson et al., 2003) , and the manipulation of physical factors in the substrate, such as raising the bedding temperature (Gazoni et al., 2012; Salin et al., 1998) .
In this context, the combination of control methods provides, among other benefits, reduced chemical use, a decreased possibility of developing resistant populations, fewer deleterious effects on the environment, and improved human and animal health.
Therefore, the present study aimed to evaluate the effects of manipulating abiotic factors in poultry beds 
MATERIAL AND METHODS
Insects were obtained from untreated infested poultry beds and kept under laboratory conditions with substrate and food until the bioassays were conducted. The adults collected from the field were sclerotized and of similar size, and no age or gender determination was performed. To mitigate the stress of handling and moving the insects from the field to the laboratory, the adults were kept in captivity for at least 7 d before the experiments.
The bedding was obtained from a commercial poultry house with 4 flocks on the same litter, and the substrate consisted of pine shavings. The bedding was collected and placed in plastic bags with a capacity of 100 L, which were kept closed for 14 d to purge any residual insects. After this procedure, the material was selectively screened by visual and manual picking to eliminate adult and immature A. diaperinus. The bedding was stored in plastic bags over the course of all of the experiments; the initial volume collected thus endured the full sequence of experiments. The original bedding was analyzed to determine the initial physicochemical characteristics of pH, moisture, and mineral and organic matter contents, as well as the concentration of NH 3 (ammonia).
To perform the bioassays, 12 L plastic boxes with snap caps, measuring 30 cm long × 20 cm wide × 20 cm high, were supplied with poultry bedding. Twentyfour boxes were used, each of which was considered an experimental unit (EU).
Each EU contained 0.003 m 3 poultry bedding, totaling 0.6 kg material. This volume aimed to replicate the thickness of the substrate layer used to cover the floors of commercial poultry beds (5 cm).
Each EU received 10 g commercial broiler feed, meeting the nutritional specifications of agro-industrial production. Then 40 insects were added, consisting of 20 larvae from the third to seventh instar (between 7 and 10 mm) and 20 adults, 4 repetitions per treatment. The treatments (T1 = control; T2 = hydrated lime; T3 = humidity; T4 = temperature; T5 = insecticide; T6 = combination T2 through T5) are shown in Table 1 .
The response variables were the mortality of larvae and adults after 7 and 10 d of treatment application. The experimental material was visually screened after pouring aliquots into a box to identify larvae and adults, which were collected with tweezers, placed in Petri dishes, and counted.
Averages were calculated using the number of surviving insects in each EU transformed by differences in mortality. These values were corrected for control mortality (Abbott, 1925) and converted into percentages of the initial sample (20 adults and 20 larvae) and transformed via ARCSIN √ (×/100), as the data were not normally distributed observed in the normal test. The data obtained in the treatments were subjected to ANOVA (F test), and averages were compared with the Tukey test at the 5% significance level using the statistical program ASSISTAT Version 7.6 beta.
RESULTS AND DISCUSSION
The bedding temperature increase to 45
• C for 24 h (T4) provided substantial control of A. diaperinus, yielding mortality rates of 90% in the adult and larval populations. Mortality in this treatment differed from that in T1, T2, and T3 (Table 2 ). This observation is in agreement with those of previous reports, which found that temperatures above 48 (Salin et al., 1998) and 45
• C (Gazoni et al., 2012) resulted in A. diaperinus mortality.
The application of insecticide led to mortality rates of 93 and 68% for adults and larvae, respectively (Table 2) . This was the only treatment in which larval mortality was lower than adult mortality.
Mortality in the insecticide treatment did not differ from the temperature treatment; this result has practical implications for the choice of control methodologies in agro-industry, as physical control both reduces costs and mitigates the harmful impacts of overusing chemical insecticides.
The combination treatment (T6) induced complete mortality for both adults and larvae by the seventh day of evaluation. No differences were observed between this treatment and T4 or T5 for adults. The larval response in the combined treatment (100%) did not differ from that of the temperature treatment (90%). Therefore, control of lesser mealworm adults may be obtained by treating poultry bedding with temperature or insecticide. Larval control is best achieved by litter warming or applying the combined treatment. Switching between control methodologies would mitigate the deleterious effects arising from the exclusive use of chemicals, such as the development of resistance, or abiotic treatments, which may lead to behavioral and physiological adaptations in A. diaperinus. A suitable practical suggestion for poultry farmers to the litter temperature elevation is fermentation, by windrowing, with humidity elevation and cover with canvas.
The results of the combined treatment were not adversely affected by interaction effects, as the mortality in this treatment was complete. When associated with the other treatments, hydrated lime did not have negative effects. According to Fields and Korunic (2000) , high substrate moisture interferes with the action of mineral products applied to poultry beds, reducing abrasion and consequently minimizing desiccation, resulting in a potentially adverse interaction. Nevertheless, some previous research has suggested that this combination may be positive; combining hydrated lime with water on the substrate can release ammonia and create a hostile environment for insects and pathogens (Watson et al., 2003) .
In the present study, no interference was observed between the hydrated lime and insecticide treatments for the response variable. Conversely, Geden et al. (1998) reported that treating beds with insecticide was ineffective because it affected only the insects in the surface layer, which could have been affected by other management methods such as those that alter bedding pH. In this context, the alkalinity of the litter due to the application of lime would promote instability in the active ingredients of the pesticides, thus reducing their efficacy.
Temperature and insecticide treatments did not differ in the control of A. diaperinus larvae and adults when evaluated separately. Differences in larval mortality were observed between the insecticide only treatment and the combined treatment (Table 2) . In this case, several variables may have affected the efficacy of the insecticide in the bioassay. A relationship between temperature and insecticide efficacy has been demonstrated for aerosol insecticides through the manipulation of temperature between 32 and 37
• C, yielding control of A. diaperinus below the damage level in closed poultry sheds (Schultka et al., 1984) .
The tolerance of A. diaperinus to increased temperature and desiccation varies according to poultry development in the shed. Insect aggregation is observed at low temperatures, which may be associated with favorable abiotic conditions, protection, or changes in insect metabolism (Salin et al., 2000) .
The control treatment (T1) had mortality rates of 6% and 37% for adults and larvae, respectively ( Table 2 ). The results indicate that larvae were more susceptible under the experimental conditions. In a study using untreated bedding under laboratory conditions, Watson et al. (2003) found a similar mortality in adults (9%); however, larval mortality was lower (11%).
The hydrated lime (400 g/m 2 , T2) treatments yielded adult and larval mortality rates of 36 and 12%, respectively. For the moisture treatment (T3), the corrected mortality (45%) was lower than the control, suggesting favorable conditions for A. diaperinus. However, neither T2 nor T3 was different from the control in mortality of adults and larvae (Table 2 ). In contrast to these findings, some previous studies have suggested that control of A. diaperinus may be achieved by adding hydrated lime to litter due to its hygroscopic characteristics, desiccation, and alkalization (Watson et al., 2003) .
The F-value (4.5442) of the interaction between treatments and time was significant for adults of A. diaperinus (P = 0.007; Table 3 ). The F-value (4.0153) of the interaction between treatments and time was significant for the larvae of A. diaperinus (P = 0.013); average mortality rates are displayed in Table 4 . This significance is due to the different effects of the control, hydrated lime, and insecticide treatments over time, indicating that differences can be explained by increased background mortality (control) or because the hydrated lime and insecticide treatments continued to impact A. diaperinus over the study period, but probably not more than relative to the control.
The results obtained for the combined treatment demonstrate the complexity of controlling Table 3 . Average numbers and mortality rates (±SE (Standard error)) of Alphitobius diaperinus adults at 7 and 10 d of treatment with hydrated lime, humidity, temperature, insecticide, and a combined treatment. Temperature and humidity conditions: 21 ± 5
• C, RH (Relative Humidity): 65 ± 5%. A. diaperinus, which emphasizes the importance of studying methods of controlling this species in poultry production. Understanding the biology of this insect is essential to developing strategies for the management of A. diaperinus populations in broiler sheds. Using chemicals alone to control A. diaperinus has proven ineffective. For example, Chernaki-Leffer et al. (2007) observed that distribution responses of A. diaperinus were heterogeneous in relation to the batches of poultry and weeks evaluated, as the density of the insect under field conditions was affected by both bed reuse and temperature, causing the population to rapidly replenish itself even after chemical control.
Because the artificial ecosystems of poultry litter favor the development of synanthropic arthropods such as A. diaperinus, these insects are thought to be highly dependent on the artificial environments in which they live (Axtell and Arends, 1990) . A. diaperinus is adapted to low moisture conditions, and the environmental conditions provided by poultry litter serve as an extension of their primary habitat, allowing them to survive prolonged periods of drought and heat (Salin et al., 1999) . Further studies concerning the combination of the factors hydrated lime, humidity, temperature and insecticide are necessary for the development of effective methods to control this pest insect. The heterogeneity of the insect response to alternative methods of control should be examined through a careful analysis of management practices, structural conditions in poultry sheds, the intrinsic abiotic factors of poultry activity, and the physiological and behavioral adaptations of A. diaperinus under the current intensive agro-industrial model.
It is vital to develop control methods that do not damage poultry and human health and also take into account the life cycle of the insect (Gazoni et al., 2012) . In this context, investigating alternative control strategies is imperative, particularly to mitigate the harmful effects of the pest on the production process. The integrated control of A. diaperinus may reduce chemical costs and improve indicators of animal efficiency in comparison to the current control model.
In conclusion, the combination of physical and chemical treatments in poultry litter provided total control of A. diaperinus after 7 d of treatment. The combination of these methods as a strategy to control A. diaperinus should be evaluated under field conditions to validate the responses obtained in this bioassay experiment.
